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ABSTRACT: The 5-coordinate ferrous heme Alcaligenes xylosoxidarsytochromec' reacts with NO to

form a 6-coordinate nitrosyl intermediat&sfreiat 415 nm) which subsequently converts to a 5-coordinate
nitrosyl end productAsererat 395 NM) in a rate-determining step. Stopped-flow measurements at pH 8.9,
25°C, yield a rate constant for the formation of the 6-coordinate nitrosyl adkict; (4.4 4+ 0.5) x 10*

M~1s™1 which is 3-4 orders of magnitude lower than the values for other pentacoordinate ferrous hemes
and is consistent with NO binding within the sterically crowded distal heme pocket. Resonance Raman
measurements of the freeze-trapped 6-coordinate nitrosyl intermediate reveal an unusually-iNgh Fe
stretching frequency of 579 crh suggesting a distorted F&l—O coordination geometry. The rate of 6-

to 5-coordinate heme nitrosyl conversion is also dependent upon NO concentration, with a rate constant,
ke—s = (8.1 £ 0.7) x 10®* M~ s71, implying that an additional molecule of NO is required to form the
5¢-NO adduct. Since crystallographic studies have shown that the 5-coordinate nitrosyl complex of
cytochromec' binds NO to the proximal (rather than distal) face of the heme, the NO dependence of the
6- to 5-coordinate NO conversion supports a mechanism in which the weakened His ligand, as well as
the distally bound NO, is displaced by a second NO molecule which attacks and is retained in the proximal
coordination position. The fact that a dependent 6- to 5-coordinate nitrosyl conversion has been previously
reported for soluble guanylate cyclase suggests that the mechanism-blis=bond cleavage may be
similar to that of cytochrome' and strengthens the recent proposal that both proteins exndimal

NO binding in their 5-coordinate nitrosyl adducts.

Nitric oxide (NO} is implicated as a signaling molecule Deducing the mechanism of 5c-NO adduct formation in sGC
in a wide range of organisms including animals, plants, and is, therefore, of particular biomedical interest.
micor_)rganis.ms](f7). The best_ char_acterized system is that Cytochromec' (cyt ¢) is a hemoprotein found in the
of animals, in which cettcell signaling occurs through the  periplasm of certain proteobacteria which contains a penta-
interaction of micromolar NO levels with the heme-contain- ~ggrdinate heme center located toward the C-terminus of a
ing enzyme, soluble guanylate cyclase (sG§)) Binding four o-helix bundle (0, 11). Although the exact physiologi-
of NO to the heme center of sGC triggers the conversion of ¢4 role of cytc is unclear, several studies have suggested
GTP to the secqnd-messenger cGMP, which in turn regulatesihat NO binding to the heme may help bacteria suppress
a host of physiological processes such as smooth muscleyotentially toxic levels of free NO in their environmend-
contraction, blood clotting, and neurotransmissian §). 16). In particular, Moir and co-workers have shown that a
Formation of a 5c-NO heme complex in sGC and the cyt ¢'-deficient mutant of the photosynthetic bacterium
associated FeHis bond cleavage are believed to be the Rpodobacter capsulatusxhibited increased sensitivity to
trigger which activates the production of cGMB, (). nitrosative stresslf). Intriguingly, the same group recently

reported in vivo studies suggesting tiatcapsulatusyt ¢’
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NO-induced activation assumes NO binding at the distal T T T T T
position in 5¢c-NO adduct9). Clearly, the novel proximal AXCP + NO

heme-NO geometry in AXCP has potential implications for
the mechanism of NO sensing and signal transduction in sGC
if the latter were also to exhibit a proximal NO coordination.

A further shared property of AXCP and sGC is that they
both form a 6c-NO intermediate (with the proximal His
ligand intact) prior to the 5¢c-NO end product. In the case of
sGC, the 6¢-NO species has been observed using EPR and
UV —vis spectroscopy20, 21). Interestingly, the rate of 6¢-
to 5¢-NO conversion in sGC has been shown to be first order
with respect to NO concentration, suggesting that cleavage
of the Fe-His bond in the 6¢c-NO adduct requires the
interaction of a second NO molecule somewhere on the
protein. Recently, we identified a 6¢c-NO intermediate in
AXCP using time-resolved FTIR spectrosco@®) We also
observed that the rate at which the 6¢-NO species converted 360 380 400 420
to the 5¢-NO end product increased at higher NO concentra- Wavelength (nm)

t'P”S; In the pres{em, study we report BVis StOppe,d'ﬂOW Ficure 1: Effect of nonsaturating NO concentrations on the-V
kinetics of NO binding to AXCP under pseudo-first-order vis absorption of ferrous AXCP:. (A) initial solution of:8M heme
conditions, as well as the characterization of the 6¢c-NO ferrous AXCP; (B) immediate effect of adding @M NO to
intermediate using resonance Raman (RR) spectroscopy. Ougpectrum A; (C) immediate effect of adding 28 NO to spectrum
results suggest a novel mechanism for 5c-NO heme formationg*a(r?OI E%drﬁ)ﬁ t'r’gsep;g‘éﬁsglge';?tg':et‘ggeljénasa%?t%r#m C recorded at
and provide further evidence that AXCP is a useful paradigm ' ' '

for NO binding to sGC. CCD detector. Excitation at 413.1 nm was provided by a Kr
ion laser (Innova 302). A Kaiser supernotch filter was used
MATERIALS AND METHODS to attenuate Rayleigh scattering from samples ind35°
AXCP was purified using procedures similar to those backscattering geometry which were maintained at 90 K
described previously2@, 24). Heme concentrations were Using a liquid N dewar @6). Frequencies were calibrated
determined from electronic absorption measurements usingrelative to indene, aspirin, and CCis standards and are
previously reported absorptivitie®%). Reduction to the  accurate tat1l cnm’. Freeze-trapped RR samples of hexa-
ferrous state was achieved by the addition ofat0D-fold ~ coordinate hemeNO adducts of AXCP were prepared by
excess of a sodium dithionite or electrochemically reduced the introduction of an~2-fold excess of NO through a
methyl viologen solution. Excess reductant was removed septum-sealed 5 mm diameter capillary containing argon-
using a P-6 desalting gel (Bio-Rad). Aqueous solutions of purged reduced protein. The identity of the resultant complex
NO were prepared inside a gastight syringe by equilibrating Was checked by U¥vis spectroscopy within 30 s of mixing,
approximately equal proportions of anaerobic buffer with and the sample was quickly frozen in liquic.N
either*NO (Aldrich) or®NO (98%°N; Cambridge Isotope
Laboratory) gas which had been treated with 0.1 M KOH RESULTS
solution to remove higher oxides of nitrogen. The concentra-  jy/_v/is Absorption of the 6¢-NO IntermediatSince

tion of a saturated NO solution was assumed to be 2 mM at oy cp rapidly forms a 5¢-NO heme adduct with NO in large
1 atm of pressure. excess, solutions of ferrous AXCP were titrated with small
UV —vis absorption spectra were recorded using either agmounts of NO with the aim of trapping the 6c-NO
Perkin-Elmer lambda 9 or Cary 50 rapid-scan spectropho- intermediate. Although this approach increased the lifetime
tometer. Stopped-flow kinetic measurements were performedof the 6¢c-NO species, subsequent conversion to the 5¢c-NO
using a Hi-Tech SF-61 DX2 double-mixing stopped-flow adduct was always observed, even at substoichiometric NO
spectrometer interfaced with a CU-61 control unit (Hi-Tech concentrations. Figure 1 shows changes in Soret absorption
Scientific) operating in single-wavelength photomultiplier \hich occur when nonsaturating amounts of NO are added
mode. The optical flow cell had a path length of 10 mm, to a 9 uM heme solution of ferrous AXCP. The initial
and the dead time before detection wasms. An anaerobic  addition of 5uM NO AXCP (Figure 1A) causes a rapid shift
glovebox (Faircrest Ltd.)<10 ppm of Q) entirely housed  in the Soret maximum from 424 to 421 nm, along with a
the drive syringes and optical cell, and both the glovebox slight decrease in intensity (Figure 1B). Subtraction of the
atmosphere and drive system were thermostated to give aabsorption features of ferrous AXCP from Figure 1B yields
sample temperature of 2&. Reactions of ferrous AXCP 3 spectrum with a Soret maximum at 415 nm, together with
with NO were carried out under pseudo-first-order conditions o andg bands at 575 and 540 nm, respectively (Figure 2B),
in buffered solutions at pH 8.9. The KinetAsyst 2.2 software which we assign to that of the 6¢c-NO intermediate on the
package (Hi-Tech Scientific) was used to analyze NO binding pasis of the similarities with other 6¢c-NO ferrous hemes
kinetics. (Table 1). The presence of a weak shoulder near 395 nm in
Resonance Raman (RR) spectra were recorded on a custorfrigure 2B suggests that a small amount of 5¢c-NO heme is
McPherson 2061/207 spectrograph (set to 0.67 m) equippedpresent along with the 6¢c-NO species. Further addition of
with a Princeton Instruments liquid,Mooled (LN-1100PB) NO to a total of 25«M (~3.0 equiv) shifts the heme Soret
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FiGURE 2: Electronic absorption spectra of solutions of (A) ferrous, Time (s)

(B) 6¢-NO, and (C) 5¢c-NO AXCP in 50 mM Tris-HCI buffer, pH
8.9 at 25°C. Molar absorptivities were calculated on the basis of
previously reported values for ferrous hen2&)(

Ficure 3: Stopped-flow time courses (solid line) at 395, 408, and
424 nm for the reaction of ferrous AXCP (5 in heme) with
300u4M NO in 50 mM bis-tris propane buffer and 100 mM NaCl,

- - - pH 8.9, 25°C. Superimposed and largely obscured by each time
Table 1: Electronic Absorptlon Parameters for Nltrosyl Adducts of course is a kinetic fit (dashed |ine) to two consecutive exponentia|

Ferrous Hemoproteins processes with rate constantskgfys (~11.7 s%) and kaops (~2.6
hemo- s1) for the first and second steps, respectively. To facilitate the
protein Amax NM €, MM~ cm™?) ref iterative fitting, koo Was initially set to twice the value dégps

determined from a single-exponential fit of the latter portion of
6¢-NO . the reaction.

AXCP2b 415 (120) 540 575 this work

SM%@ 238 . 55‘2‘:3 113 5;?9 10122’ 21 formation and disappearance of the 6¢c-NO intermediate.

ccp 421((99)) 542((12') ) 572 ((11') )23 Using an A— B — C kinetic model corresponding to ferrous

cytc 411 (127) 539 (10.2) 567 (9.8) 54 (A), 6¢-NO (B), and 5¢-NO (C) forms of AXCP, each time
5c-NO course was fitted to two consecutive exponential processes

AXCP® 395(95) 485(13) 539(14) 565(13) thiswork to yield observed rate constarkgs and keons for the first

AXCP  397(78.9) 485(9.8) 541 (10.4) 565 (10) 55 and second steps, respectively. Typical time courses are

SéGCA g’é’g (s5) 5§’Z4(12) 557722(12) 4113 shown in Figure 3. The calculated rate constants exhibited

chl)-ls-l 202 2{84 543 566 49 no wavelength dependence over the range studied.

aTransient precursor to 5¢-NO addutfbsorptivity calculated on A linear pIOt Ofkaonsvs NO concentration gi\,lles,tlhe second-
the basis of previously reported values for ferrous he2®e € nr, not order r_ate constarkn = (4.4 + 0'5_) x 10'M . s for t_he
reported. formation of the 6¢-NO adduct (Figure 4). This value is43
orders of magnitude lower than the NO association rate
to 415 nm (Figure 1C), consistent with substantial formation constants for other 5¢ hemoproteins such as Mb and sGC
of the 6¢-NO adduct. However, spectra recorded 5 and 70(Table 2), implying that NO binding to AXCP is associated
min after mixing (Figure 1, spectra D and E, respectively) with a relatively high degree of steric hindrance. Likewise,
show a buildup of absorption near 395 nm at the expense ofa previous study of CO binding to AXCP reported an
the peak near 415 nm, along with an isosbestic point nearunusually low CO association rate constant of 92!
405 nm, consistent with conversion of the 6¢-NO species to (27), which is 4 orders of magnitude lower than that of Mb.
the 5¢-NO end product with its characteristic Soret maximum X-ray crystal structures of AXCP shed light on the reason
at 395 nm (Figure 2C). The final equilibrium mixture (Figure for the slow rates of exogenous ligand bindidg)( Not only
1E) consists of 5¢c-NO and ferrous AXCP (with negligible is the distal face of the heme shielded from solvent, but the
amounts of the 6¢-NO species), showing that the 6¢-NO size of the distal cavity is unusually small due to the location
adduct is not stable with respect to these species. of the Leu 16 residue directly above the Fe. In the case of
Kinetics of NO BindingSingle-wavelength stopped-flow CO binding to ferrous AXCP, the distal pocket undergoes a
UV—vis absorption measurements were carried out to significant structural rearrangement involving the rotation
monitor the reaction of ferrous AXCP with excess NO under of the Leu 16 side chain around thg-€&C; bond, which in
pseudo-first-order conditions. Figure 3 shows typical time turn causes a flattening of the porphyrin rid§). The kinetic
courses for the reaction at 395, 408, and 424 nm. The overallbarrier associated with this rearrangement most likely ac-
increase in absorption at 395 nm, together with the decreasecounts for the particularly low rates of CO and NO binding.
at 425 nm, is consistent with the generation of the 5¢c-NO It is noted that a bulky hydrophobic group (from either Leu,
heme at the expense of ferrous heme, while the growth andMet, Phe, or Tyr) is present in the distal heme pockets of all
decay of absorption at 408 nm are consistent with the known cytochromes' (28), suggesting that steric hindrance
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LI B A Despite the NO dependencelafs, our UV—vis studies

of NO binding under nonsaturating conditions (vide infra)

. show that excess NO is not an absolute requirement for 5c-
; 1 NO formation. Addition of substoichiometric amounts of NO
to ferrous AXCP initially produces an equilibrium mixture
of ferrous protein and 6¢-NO adduct, which is then followed
A ] by slow conversion of the 6¢-NO species to a 5¢c-NO adduct.
- The latter process may be due to a small equilibrium
30 concentration of free NO in solution which reacts with the
& ] ] 6¢-NO species via the mechanism shown in Figure 5.
Alternatively, there may be an additional route for the 6c-
20+ s to 5¢-NO conversion in AXCP which is NO independent.
In the case of sGC, a 5¢-NO species is also formed at
substoichiometric NO levels with a rate constant of 0.0087
10k 3 s1(22).

RR Characterization of the 6c-NO IntermediateR
measurements were carried out on the freeze-trapped 6c¢-
. L NO complex of AXCP at 90 K to investigate the structure
0 200 400 600 800 1000 of the transient hemeNO moiety. Samples of the 6¢-NO

[NOJ/uM species were prepared by reacting ferrous A)_(CR w?th an

~2-fold excess of NO and then manually freezing in liquid

Ficure 4. Dependence oOkyops (Circles) andkaops (triangles) on N, within 30 s of mixing. UV-vis spectra of the samples
NO concentration. Values &fssandkzonswere obtained by fitting recorded immediately prior to freezing (data not shown)
absorbance vs time traces to two consecutive exponential processes - -
as described in Figure 3. Each data point is the mean of three '€vealed absorption maxima at 415, 540, and 575 nm,
separate fittings using time courses at 395, 408, and 424 nm, withindicating that the protein was predominantly in the 6¢-NO
error bars depicting the standard deviation. Linear plotis,@fvs state and had not yet converted to the 5¢c-NO adduct. A
NO concentration, fitted through the origin, were used to calculate shoulder near 425 nm also indicated the presence of
the second-order rate constants. unreacted ferrous heme.

RR spectra of frozen samples of AXCP were obtained
using 413.1 nm excitation, yielding porphyrin marker bands

50 -

40 + A

T
1

bs IS

Table 2: Rate Constants for NO Binding to Ferrous Hemoproteins

hemoprotein _ temgC ko M!S kss M7'S™  ref in the 1356-1650 cn? region (Figure 6) whose frequency
AXCP 25 44x 10 8.1x 10° this work is characteristic of the Fe oxidation state, spin state, and
sGC 4 Zl4x10 24x100 21 coordination number29). The RR spectrum of ferrous
sGC 1 717100 b 20 AXCP at 90 K (Figure 6A bles that previous!
B(1—385) sGC 2 716 c 21 a (Figure 6A) resembles thal previously
Mb 20 1.7x 107 d 56 observed at room temperature (Table 3P)( with the
cytc nre 8.3 d 57 increase in porphyrin marker band frequencies at low

aFirst-order rate constant of 8. 103 s reported for substo-  temperature attributable to a contraction of the heme core
ichiometric amounts of NO? First-order rate constant of38 st (31). RR spectra of the freeze-trapped nitrosyl complexes

reported for 6QuM NO. ©6¢-NO intermediate not detecte‘tﬁc-NO_ prepared witH“NO (Figure 6B) and®NO (Figure 6C) clearly
adduct formation observed at pk#, presumably caused by protonation  gyqy contributions from unreacted ferrous protein. Subtrac-
of the proximal His ligand§8, 59). ©Not reported. tion of the ferrous AXCP RR contribution from spectra B
and C in Figure 6 yields the vibrations of the B8O (D)
to distal ligand binding may by functionally relevant. and 6¢c°NO (E) adducts, respectively. Porphyrin marker
As with the initial NO-heme binding step, the 6¢- to 5¢c-  bands attributable to the 6¢-NO adduct of AXCP are evident
NO conversion is also a second-order process (Figure 4),at 1375 cm? (v4), 1504 cm* (v3), 1597 cm? (v,), and 1638
with a linear plot ofkyons VS NO concentration yielding the — cm™ (v10), which are in line with values previously reported
rate constanks_s = (8.1+ 0.7) x 10 M1 s1. Considering for 6¢-NO complexes (Table 3). The particularly high
that the X-ray crystal structure of the 5¢c-NO adduct shows frequency is a characteristic feature of all cyRR spectra
NO bound to the proximal heme face, the NO dependence(30). No evidence of RR vibrations from 5¢c-N@®Q) or ferric
of the 6¢- to 5¢-NO kinetics points to a mechanism in which AXCP (32—36) is apparent in Figure 6, spectra D and E.
a second NO molecule attacks on the proximal side of the Although the 5¢c-NO and 6c-NO adducts of AXCP at 90 K
6¢-NO heme, to displace both the His ligand and the distally both give rise to the same frequency at 1596 cni (Table
bound NO (Figure 5). An alternative mechanism, in which 3), the two coordination geometries can be clearly distin-
the rate-determining step of 5¢c-NO adduct formation is the guished via their; andv,, frequencies, which are 7 and 10
spontaneous dissociation of the-Fdis bond, is ruled out  cm* lower, respectively, in the case of the 6¢c-NO species
by the second-order kinetics. Significantly, a recent kinetic (Table 3).
study of NO binding to ferrous sGC also found the rate of  Confirmation of the 6¢c-NO RR assignment in AXCP was
6¢- to 5¢-NO conversion to be first order with respect to obtained through the identification of characteristic vibra-
NO concentration withks_—s = 2.4 x 1® M1 sl at 4°C tional frequencies within the FENO moiety. They(N—O)
(21 (Table 2). The present kinetic data for AXCP strengthen vibration was identified by subtraction of the &8O RR
the analogies between cytand sGC and suggest that the spectrum from the 6¢NO spectrum (inset of Figure 6) to
latter could also bind NO to the proximal side of the heme. reveal an isotope-sensitive band at 1624 -§mwhich
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Ficure 5: Proposed mechanism for the formation of ferrengrosyl heme adducts in AXCP. First, NO binds to the sterically crowded
distal coordination site of ferrous AXCP to form a transient 6¢c-NO complex with a labile proximatisebond. The 6¢c-NO complex is

then converted to a proximally bound 5¢c-NO complex by reaction with a second NO molecule (*NO), which displaces the His ligand by
direct attack and retention at the proximal position. The proximal 5¢c-NO geometry is stabilized by H-bonding with the nearby Arg 124
residue, as evident in the X-ray crystal structure.

D-E v("NO) Table 3: Resonance Raman Frequencies §mf 6- and
2 AXCP, 90K ey 5-Coordinate Nitrosyl Adducts of Ferrous Hemoproteins
o~
A T Fe?* *NO) protein temp, K v3 v v v(Fe-NO) v»(N—O) ref
1599 ~~ 6¢c-NO
B e AXCP 90 1504 1596 1638 579 1624 this work
b 8 Mb 293 1500 1583 1635 582 1613 37
Y HbA RTP 1500 1584 1636 551 1622 60
P450 273 1499 Ar nr 554 1591 61
CPO 273 1502 nr nr 542 nr 62
NOS nr nroonr nr 536,54 nr 63
5¢-NO
AXCP RT? 1506 1592 1641 526 1661 30
AXCP 90 1511 1596 1648 nr 1661  this work
sGC 293 1509 1583 1646 521 1681 51
sGC  293-303 1509 1584 1646 525 1677 50
sGC RT 1508 1584 1645 520 Ao 64
sGC nr 1508 1584 1644 no 1660 42
Coo0A nr 1506 1582 1641 523 1672 43
L 1 1 - aValue obtained from band-fitting simulatiohRoom temperature.
1400 1500 1600 ¢ Not reportedd Enzyme in the absence of substra&tEnzyme in the
Raman shift (cm™) presence of substrateEnzyme isolated with heme intagtEnzyme

FicURe 6: High-frequency RR spectra (413.1 nm excitation, 15 econstituted with heme.Not observed.

mW) obtained at 90 K for frozen solutions of ferrous AXCP (120 ) . .

uM heme, pH 8.9) and freeze-trapped reaction products with NO: ~ T0 assign the/(Fe-NO) vibration of the 6¢c-NO adduct
(A) ferrous AXCP; (B) ferrous AXCP reacted witHNO; (C) of AXCP, RR spectra of the above samples were recorded
ferrous AXCP reacted wittPNO. The RR spectra of 6¢-NO AXCP  in the low-frequency region (Figure 7). Unlike the high-

shown in (D) and (E) were calculated by subtracting the spectral ; ; _
features of ferrous AXCP from (B) and (C), respectively. The inset frequency region (Figure 6), the low-frequency RR spectra

shows the*NO — 5NO difference spectrum (B- E). Protein of NO-_contain_ing samples (Figure 7, SpeCtraA and B) appear
samples were prepared by reacting ferrous AXCP (@40n heme) to derive mainly from the 6c-NO heme with very little
with ~250uM NO and then freezing within 30 s. spectral contribution from ferrous protein (Figure 7C).
Subtraction of thé®NO-containing spectrum from that of
downshifts to 1599 crit. The 1624 cm! »(N—O) frequency the 1*“NO sample identifies the(Fe—NO) at 579 cm* from
is typical for a 6¢c-NO heme3(/, 38), as compared to 5¢c- its 15 cnt* downshift. The magnitude of the isotope shift is
NO hemes which have(N—O) frequencies in the 1660 close to the 16 cmi value expected for an isolated i
1703 cn1! range 89). Moreover, thev(N—O) assignment  oscillator. It is apparent that the(Fe—NO) frequency of
is in good agreement with a recent room temperature AXCP is significantly higher than the values for other 6¢-
stopped-flow FTIR study of NO binding to ferrous AXCP  NO hemes which lie between 536 and 554 ¢ér(Table 3).
in which a transient species with1§N—0O) frequency of Previous studies of 6¢c-CO and 5c-NO complexes of
1625 cnttis observed which downshifts to 1599 chwith ferrous hemes have shown that the frequencies of (e
INO (22). It is evident that the negative component of the XO) andv(X—0) vibrations are sensitive to back-bonding
¥NO — ™NO difference spectrum (Figure 6 inset) is effects. Increased back-bonding from Fe(ll) to theorbital
narrower than the positive component, which may be due to of the exogenous ligand results in a strongerKebond
coupling of thev(**N—0O) vibration with the overlapping. (higher Fe-X stretch) and weaker XO bond (lower X-O
mode at 1596 cmi, as previously described for nitrosyl- stretch), such that a plot efFe—X0O) vs »(X—0) will have
Mb (37). Coupling between these two modes might also a negative slope3@). In the case of 6¢-NO heme complexes,
account for the fact that the observE8lO—1*NO isotope FTIR studies have yielded a fair amount of data regarding
shift in the 6¢-NO RR spectrum (25 c) is less than the  »(N—O) frequencies (see r&8Band references cited therein),
theoretical shift for the isolated -NO oscillator (29 cm?). although there is scant RR data on the corresponedifg—
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" T for the unusually highy(Fe—NO) frequency of the 6¢c-NO
AXCP, 90 K adduct?

RR studies of ferrous AXCP suggest that the His ligand
has significant imidazolate character in the ferrous ste (
36), raising the possibility that the unusua(Fe—NO)
frequency in the 6c-NO adduct of AXCP might be linked to
the presence of a negatively charged proximal ligand.
However, this appears unlikely since the RR studies of the
6¢-CO adduct indicate that the His ligand is in fact neutral
when the heme is hexacoordinaB9), Furthermore, Spiro

and co-workers have argued that the back-bonding correlation
~ for 6¢-NO hemes is not significantly affected by the charge
& of the proximal ligand since, as shown in Figure 8, the data
point for P450 (thiolate ligation) lies close to those of Mb
and Hb (imidazole ligation)39).

Given the steric crowding which exists within the distal
heme pockets of AXCP, the most likely origin of the unusual
v(Fe—NO) frequency of the 6¢-NO adduct would appear to

E 7 Low-f RR tra (413.1 iation. 15 lie with distortion of the Fe-N—O angle and/or tilting of
IGURE [ ow-frequency spectra .1 nm excitaton, _ :

mW) obtained at 90 K for frozen solutions of ferrous AXCP (120 the Fe-NO bond. The X-ray crystal structure_of the distally
«M heme, pH 8.9) and its freeze-trapped reaction products with Pound 6¢c-CO complex shows that coordination of the
250uM NO: (A) ferrous AXCP reacted witB4NO; (B) ferrous exogenous ligand requires significant displacement of the
AXCP reacted with*NO; (C) ferrous AXCP. Thé“NO — *NO Leu 16 side chain, which in turn could result in conforma-
difference spectrum (A- B) is depicted below. Spectra were  tional strain within the Fe CO moiety. Although the Fe
obtained as described in Figure 6. C—0 angle of 167 does not deviate significantly from that

685

{Fe-NO)

2+ 15

B Fe + NO

3oe- Y579 — v

-a

(9]
-
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718

~pomo 564
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Raman shift (cm™)

T T T of other heme-CO complexes, it has been proposed that
580 | m AXCP N the geometries of Fe(Hnitrosyl complexes are much more
easily perturbed by the surrounding heme pock6y.(Spiro
570 and co-workers argued thaFe—NO) frequencies increase
as the Fe-N—O angle decrease89), consistent with the
560 6¢-NO adduct in AXCP having an F&N—O angle well
"g below the typical value of~140° exhibited by unhindered
£ 350 Fe(I)-NO hemes.
[=]
% s DISCUSSION
i Implications for NO Binding to sGQ he most significant
530 finding of the present study is the second-order nature of
the 6¢- to 5¢-NO conversion in AXCP. To our knowledge,
520 the only other example in which a transient 6¢c-NO heme
has been identified prior to the formation of a 5¢c-NO adduct
1550 1600 1650 1700 is that of sGC 20, 21, 41). Although previous studies
v(N-0) in cm™ reported variations in kinetic behavior, Marletta and co-

FlGURE 8: Plot of r(Fe—NO) vs »(N—O) frequencies for 5- and workers_ recently. observed .that the rate of 6¢- to SC—NO
6-coordinate NO acgducts of)ferro(us her)nes.the solid line indicates CONVErsion was first Ordej WLth respect to NO concentration
the back-bonding correlation established previously for NO adducts With ks-s = 2.4 x 10> M~* s+ at 4°C (Table 2) g1). It
of porphyrin analogues3@). Data points are taken from Table 3 was proposed that the NO dependence of the 6¢- to 5¢c-NO
and ref39. transition in sGC has functional relevance, since it would
determine how much enzyme is activated at a given time,
NO) vibrations due to the tendency of the Fe-bound NO to a5 well as how fast the enzyme is activatéd)(
photodissociate in the laser beaB). On the basis of the Accounting for the second-order kinetics of the 6¢- to 5c-
few v(Fe=NO) values which exist in the literature for 6¢- NO conversion in SGC has proved difficult to date. We
NO hemoproteins, Spiro and co-workers recently proposed propose, by analogy with AXCP, that the 6¢-NO intermediate
that 6¢-NO hemes exhibit the same back-bonding correlation of sGC reacts with an additional NO molecule which attacks
as 5¢-NO adducts, with the 6¢-NO data shifted to lower  an( is retained on the proximal side of the heme. While the
(N—0) and highen(Fe-NO) values due to the additional  attack of NO on the proximal heme face of SGC has been
back-bonding resulting from the presence of a proximal previously suggeste®{), it has always been assumed that
ligand (Figure 8). However, it can be seen that the data pointthe final resting place for NO in the 5¢c-NO adduct was on
for the 6¢-NO adduct of AXCP does not lie on the same the distal side of the heme. However, the similarities between
correlation line, suggesting that the electronic properties of the NO binding properties of sGC and AXCP strongly
the Fe-NO moiety differ from those of the other 6¢c-NO  suggest that sGC could retain NO on the proximal side of
examples. What features of the AXCP heme could accountits heme in the 5¢c-NO adduct. This alternative view of
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proximal NO binding to sGC has tremendous implications present in the distal heme pock&®(22, 30). Interestingly,
for the nature of the conformational changes which lead to RR studies of the 6¢c-CO and 5¢-NO complexes of sGC point
enzyme activation. to differences in the electrostatic environments of the two
Additional evidence for a proximal N©heme geometry  exogenous ligands, which could be due to their binding to
in both AXCP and sGC exists from RR studies. In particular, opposite sides of the hemé3). Unlike the 5¢c-NO adduct
RR spectra of the crystallographically characterized 6c-CO of sGC, the heme pocket of the 6¢-CO complex appears to
and 5¢-NO adducts of AXCP indicate that the CO and NO be negatively polarized, which would tend to destabilize
ligands experience different electrostatic environments, exogenous ligand binding. Thus, it is conceivable that the
consistent with their binding in the distal and proximal heme driving force for the 6¢- to 5¢-NO transition in sGC arises
pockets, respectivel\30). Intriguingly, RR studies of sGC  from NO binding on the opposite side of the heme to access
are also consistent with different electrostatic environments a more favorable electrostatic environment.
for the 6¢-CO and 5¢-NO complexes, raising the possibility — Steric effects may also play a part in favoring 5¢c-NO
that CO and NO could also occupy opposite sides of the formation. The RR spectrum of the 6¢c-NO intermediate in
heme 42). It has been proposed that the latter scenario could AXCP adduct is the first ever reported for a transient 6c-
account for the selective responses of sGC toward NO andNO hemoprotein. Notably, the 579 cifrequency of the

CO (30). v(Fe—NO) mode is unprecedented, being-ZAD cnt?! higher
Factors Influencing 5¢c-NQ@s 6¢-NO Coordinationlt is than that of other proteins. As described above, it is possible
clear that the coordination number of a hemoproteiitrosyl that the elevated(Fe—NO) frequency of AXCP is due to a

complex can have functional implicationg1( 43). What distorted NO coordination geometry in the distal pocket and
structural factors determine whether ferrous hemes form 5c¢-that this contributes to the instability of the 6¢-NO species.
or 6¢-NO adducts? In the case of simple heme complexes,Future studies on 5c- and 6¢c-NO heme systems should shed
the 5¢c-NO geometry is predominant due to the action of the light on these issues.
repulsive trans effect4d, 45). Protein systems are the In summary, we have shown that NO binds to ferrous
exception due to the surrounding polypeptide which acts to AXCP in a two-step process to form a 6¢c-NO heme which
resist the dissociation of the amino acid axial ligand, leading then converts to a 5¢c-NO end product. The rates of both the
to most ferrous hemoproteitNO adducts being hexacoor- 6¢-NO and 5¢-NO formation are dependent on the concen-
dinate @6). However, the situation is not clear-cut, since tration of NO. While the initial NO binding event is
some hemoproteins readily form 5¢-NO adducts or else consistent with NO coordinating to the distal position, we
equilibrium mixtures of both 5¢-NO and 6¢-NO adduets, attribute the NO dependence of the subsequent 6¢- to 5c-
48). NO conversion to the attack of a second NO molecule on
The identification of a 6¢-NO intermediate in both AXCP the proximal side of the heme, to give the proximally bound
and sGC has implications for the previously established 5¢c-NO product observed in the crystal structure. A similar
correlations between FeHis bond strength and 5¢-NO heme  NO binding mechanism, featuring a proximally bound 5c-
formation. A widely held view is that hemoproteins which NO heme, could help to explain the second-order 6c- to 5c-
form 5¢-NO adducts are characterized by a weak or strainedNO conversion previously reported for the heme center in
heme-proximal linkage in the ferrous state as evidenced bysGC. This alternative model for hem®&lO binding offers
a low frequency for the FeHis stretching vibrationy(Fe— fresh insights into the mechanism of NO sensing and signal
His) (49). For example, the ability of sGC to form a 5¢c-NO transduction in sGC.
heme has been linked to its lon(Fe—His) frequency of
~204 cnt! (50, 51). At first glance, the heme center in ACKNOWLEDGMENT
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